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EFFECT OF CELL VINTAGE AND CERTAIN TESTING PROCEDURES ON 
DEGRADATION OF CADMIUM SULFIDE TFIIN -FILM SOLAR CELLS 
by Thomas M. Klucher and Anthony F. Ratajczak 
Lewis Research Center 

SUMMARY 

Vacuum thermal cycling tests, simulating an earth orbit environment, were per- 
formed on 23 cadmium sulfide thin-film solar cells to determine the effect of four factors 
on cell performance. The factors under study were; test facility, month of cell manu- 
facture , cell electrical arrangement, and cell loading and measurement procedure. Ac- 
cordingly, cells manufactured in two separate months were studied in each of two differ- 
ent test facilities. In each facility were single cells and cells connected in series 
strings. Further , some series strings and single cells were maintained at constant max- 
imum power load throughout the test while others were unloaded briefly every 100 cycles 
to perform I-V characteristic measurements. 

After 1000 vacuum thermal cycles, each cycle consisting of 1 hour of simulated 
sunlight and 1/2 hour of darkness, a statistical analysis of the results indicated that only 
the open-circuit voltage results between test facilities were significant. In one facility, 
the average performance results after 1000 cycles were -2. 8 percent change in maxi- 
mum power , -2. 5 percent change in short-circuit cimrent, -1. 8 percent change in fill 
factor , and 1.7 percent change in open-circuit voltage . In the other facility, the results 
were -4. 9 percent change in maximum power , -2. 8 percent change in short-circuit cur- 
rent, -2. 6 percent change in fill factor , and 0. 6 percent change in open-circuit voltage . 


INTRODUCTION 

Vacuum thermal cycling tests on cadmium sulfide (CdS) thin-film solar cells have 
been performed in simulated space environments to estimate the cell performance in an 
actual space environment. During these tests the cells have been observed to degrade in 
performance with increase of cycling time. For example , one recent report on a group 
of seven cells tested for 2000 cycles stated that the average loss per cell amounted to 



12 percent in maximum power output, 7 percent in short-circuit current, and 9 percent 
in fill factor, which is defined as the maximum power divided by the product of open- 
circuit voltage and short-circuit current. The cells also showed an average gain of 
3.4 percent in open-circuit voltage (ref. 1). 

Recently a new testing facility at Lewis Research Center was established to test the 
effects of vacuum thermal cycling on CdS cells. In the first test using this facility, nine 
CdS cells were connected in a series string arrangement and were vacuum thermally 
cycled for 905 cycles. The average maximum power output from these cells was found to 
degrade 1.9 percent. Other performance changes were; a 3. 4 percent loss for short- 
circuit current, a 2. 4 percent loss for fill factor, and a 3. 6 percent gain for open-circuit 
voltage . 

Since the degradation in maximum power output for the series string was only one- 
third the degradation measured at 900 cycles in reference 1, a number of questions arose 
as to the possible causes for the difference. Consideration of potential causes for these 
differences in results led to four possibilities: (1) differences in facilities, (2) month of 
manufacture of the cells, (3) cell electrical arrangement, and (4) cell loading condition 
and measurement procedure. 

In order to determine which of these factors, if any, may be influencing the perform- 
ance during cycling, a fractional factorial experiment was performed, using two different 
vacuum thermal cycling facilities at Lewis Research Center. In each test facility, cells 
manufactured in two different months were subjected to vacuum thermal cycling. Some 
cells from each month were treated as individuals while others were combined into series 
string arrangements. Finally, some cells were maintained under constant resistance 
load throughout the test, while others were unloaded periodically in order to make 
current -voltage (I-V) characteristic measurements. 

Nine CdS cells in one vacuum chamber and 14 CdS cells in another vacuum chamber 
were subjected to thermal cycling during this test. The cells in the first chamber were 
subjected to 1020 cycles, while the cells in the second chamber were subjected to only 
962 cycles due to a malfunction of the facility. The cycle period for each chamber was 
the same, 1. 5 hours, during which the cells were illuminated by simulated sunlight 
for 1 hour and 1/2 hour during which the cells were in the dark. The equilibrium tem- 
peratures were about 60° C in sunlight and -120° C in the dark. The cells which were 
maintained at constant load were measured by an I-V curve only on the first cycle and 
the last cycle; the cells for which I-V curves were taken were measured every 100 cy- 
cles. Cell performance measurements were made before and after vacuum thermal cy- 
cling to determine the amount of cell change. Based upon these measurements, a statis- 
tical analysis was performed to analyze the effects on cell performance due to the four 
variables (test facility, month of cell manufacture, type of cell electrical arrangement, 
and load condition on cell during test). 
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TEST EQUIPMENT 


The test equipment used in this experiment has been reported elsewhere (ref. 2). 
Therefore, only short descriptions of the equipment and the differences between facilities 
will be pointed out here. 

Ambient test apparatus . - The ambient test apparatus was used to measure CdS cell 
cvirrent -voltage characteristics prior to and following vacuum thermal cycling. The ap- 
paratus consists of a temperature control block, filtered tungsten iodide source, an elec- 
tronic load to take the I-V curve, and an x-y plotter which records the I-V curve. The 
standard deviations of electrical performance parameters obtained using this apparatus 
are 1.3 millivolts for open-circuit voltage, 2.1 milliamperes for short-circuit current, 
and 2. 8 milliwatts for maximum power (ref. 3). 

Test facility A(l) . Test facility A(l) includes a vacuum chamber, solar simulator, 
and electronic load. The solar simulator consists of a 4. 2 -kilowatt xenon lamp and fil- 
tered optical components and approximates air mass zero sunlight, which is defined as 
the spectral distribution and intensity of sunlight in near-earth space without atmospheric 
attenuation. The uniformity of intensity over the test area inside the chamber was meas- 
ured to be ±3 percent of one solar constant. 

The 0. 61 -meter -diameter by 1. 22 -meter -long (2- by 4-ft) vacuum chamber utilizes 
a titanium sublimation and ion pumping system to maintain a vacuum of 10“ to 10" torr. 
A liquid nitrogen cooled shroud also provides cryopumping and space temperature simu- 
lation. The solar cells are mounted in the chamber to a glass epoxy board frame by 
strips of Kapton tape. Two silicon cells are also mounted on the epoxy board to monitor 
the light intensity during testing. A 30-gage (0.010-in. or 10-mil) welded copper- 
constantan thermocouple was attached to each CdS cell by a 1 -square -centimeter piece 
of thermoadhesive Kapton tape and cell temperatures were recorded on a multipoint tem- 
perature recorder. The CdS cells mounted on the epoxy board are shown in figure 1 . 

Cell performance during testing was recorded by measuring cell maximum power 
voltage with a digital voltmeter or by taking I-V curves using the electronic load located 
on the ambient test apparatus. 

Test facility A(2) . - Test facility A(2) also includes a vacuum chamber, solar simu- 
lator, and electronic load. All of these components differ from the components in A(l). 
The solar simulator in A(2) consists of a 4. 2-kilowatt xenon lamp but does not include 
filters. Therefore, the spectral output of the simulator does not approximate air mass 
zero sunlight, but is the unfiltered illumination of the xenon lamp. The uniformity of in- 
tensity over the test area inside the chamber was also measured to be ±3 percent of one 
solar constant. 

The 0. 76 -meter -diameter by 1. 43-meter-long (2. 5- by 4. 7-ft) vacuum chamber uses 
an oil diffusion pump system to maintain a vacuum of 10 torr. As with the chamber 
A(l), a liquid nitrogen cooled shroud also provides cryopumping and space temperature 
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simulation. The solar cells in chamber A(2) are mounted between glass epoxy board 
slats on a glass epoxy board frame. A 33-gage (0.007-in. or 7-mil) Chromel-Alumel 
welded thermocouple was attached to the back of each cell by masking tape. Tempera- 
tures were measured using a 338 K reference junction, a digital voltmeter, and a scan- 
ner and printer. Four silicon solar cells moxmted on the epoxy board were used to mon- 
itor the light intensity in the chamber . The CdS cells mounted on the epoxy board are 
shown in figure 2. 

Cell performance during testing was measured as in test facility A(l). The elec- 
tronic load used in this facility differs somewhat from the electronic load used in facil- 
ity A(l) . The electronic load in facility A(2) draws a small amount of control current 
through the cell voltage leads during I-V measurement, whereas the electronic load in 
facility A(l) draws no current through its voltage leads. 

I nfrared viewing device . - This instrument consists of an infrared camera and dis- 
play unit and is used to view temperature changes on the cell surface. Further informa- 
tion on the operation and properties of the device is given in reference 4. 

TEST PROCEDURE 

Twenty -three CdS cells selected for testing in the 1/2 replicate of a 2 ^^ experiment 
were obtained from production line cells delivered to Lewis Research Center in January 
1969 and June 1969. The cells to be tested were selected according to their efficiencies 
as measured and reported by the manufacturer . These efficiencies were approximately 
equal to the efficiencies of the cells tested in the nine cell series string of reference 2. 

As in that test, the cells were first scanned with the infrared viewing device to determine 
their thermal uniformity profile under application of the dark forward bias technique de- 
scribed in reference 5. Cells which showed nonxmiform thermal patterns at dark forward 
bias currents of 0. 5 ampere were considered unacceptable for the factorial study . All of 
the cells selected were found to exhibit uniform thermal patterns before testing. 

Current -voltage characteristics of the cells were measured on the ambient test ap- 
paratus at temperatures of 25°, 40°, 50°, and 60° C. The I-V characteristics of the 
cells tested were the basic measure of the cell performance parameters prior to vacuum 
thermal cycling. The I-V characteristic of each cell was also measured after vacuum 
thermal cycling. Comparisons of postcycling I-V char acter istic s with precycling charac- 
teristics were made to determine cell performance changes due to thermal cycling. 

These results were used in the statistical analysis to study which variables had effects 
upon cell performance. 

After precycling ambient test measurements, the 23 cells were divided so that vacu- 
um chamber A(l) contained four cells delivered in January and five cells delivered in 
June; chamber A(2) contained seven cells from each month . The cells were assigned to 
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the vacuxim chambers in a random manner. Two series strings, one string composed of 
three January cells and another of three June cells, were included in each vacuum cham- 
ber; the remaining cells in each chamber were tested as single cells. Finally, some 
cells and series strings were designated for testing vmder constant load, while others 
were designated for periodic I-V characteristic measurements while under test. A sche- 
matic of the cells undergoing each treatment is presented in f^ure 3. 

The CdS cells and series strings were mounted on the epoxy mounting boards as 
shown in figures 1 and 2. Electrical leads and thermocouples were applied to all cells 
so that the I-V characteristic of any cell could be measured. The cells were placed in 
the vacuimi chambers and thermal cycling tests were started. During the first hour of 
the test, the I-V characteristic of each cell or series string was measured in order to 
find the maximum power point at which to load the cells. Thereafter, the cells were 
maintained at that load throi;^hout the test. The cells marked for I-V measurement dur- 
ing the test were unloaded very briefly to perform this meastirement, which occurred 
approximately every 100 cycles. 

The cells in vacuum chamber A(l) were vacuum thermally cycled for 1020 cycles. 
The cells in vacuum chamber A(2) were tested until cycle 962, at which time vacuum 
chamber difficulties forced an end to the test. The cells were meastired on the ambient 
test apparatus as explained previously. . 


RESULTS AND DISCUSSION 

The effect of vacuum thermal cycling on the individxial cells is shown in tables I 
and n. The values in table I are absolute values of the performance parameters based 
upon ambient test apparatus measurements at 50° C before and after cycling. The values 
in table II are percentage changes based upon the results listed in table I. The results 
listed in tables I and II have been adjusted for a possible bias in either the before or after 
measurement. This bias was noticed when comparisons of four xmtested control cells 
showed small but consistent losses in short-circuit current, maximum power, and fill 
factor. The foxir control cells showed a loss of 1. 3 percent in short-circuit current, 

1.9 percent in maximum power, and 0.7 percent in fill factor when the cells in chamber 
A(l) were measured. When the cells in chamber A(2) were measured, the same four 
cells showed a loss of 1. 5 percent in short-circuit current, 1.4 percent in maximum 
power , and 0 percent in fill factor . All values stated hereinafter include corrections for 
the bias. 

After 1020 cycles, the cells in vacuum chamber A(l) had an average loss of 2,9 per- 
cent in maximum power, an average loss of 2.6 percent in short-circuit current, and an 
average loss of 1. 8 percent in fill factor. The open-circuit voltage increased an average 
of 1.7 percent for each cell. Under the assumption that cell performance at 1000 cycles 
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can be obtained by linear interpolation, the cells would have the following average 
changes after 1000 cycles; a maximum power loss of 2. 8 percent, a short-circuit cur- 
rent loss of 2. 5 percent, a fill factor loss of 1. 8 percent, and an open-circuit voltage 
gain at 1. 7 percent. One cell in this group, cell 5, had an edge delamination with an area 
loss of about 1. 5 percent. 

The results for cells in chamber A(2) after 962 cycles of testing were a 4.7 percent 
average loss of maximum power, a 2.7 percent average loss of short-circuit current, a 
2. 5 percent average loss in fill factor, and a 0.6 percent average increase in open- 
circuit voltage. Under the assumption that all performance changes would have continued 
at the same rate to- 1000 cycles, the cells would have the following average changes after 
1000 cycles; a maximum power loss of 4.9 percent, a short-circuit current loss of 
2. 8 percent, a fUl factor loss of 2.6 percent, and an open-circuit voltage increase of 
0. 6 percent. Three cells in this group also delaminated along the edges. Cell 2 had an 
area loss of 5. 2 percent, cell 7 had an area loss of 0. 6 percent, and cell 11 had an area 
loss of 3.7 percent. 

A fractional factorial statistical analysis was performed to determine which factors 
had significant effects on changes in maximum power, short-circuit current, open-circuit 
voltage, and fill factor. Using a multiple linear regression program (ref. 6), t statis- 
tics and their associated probabilities for each factor and performance parameter were 

calculated from the data in table II and are presented in table III. In addition, the stan- 

2 

dard error of estimate e, and coefficient of determination R , for each regression are 
also presented in table III. The values surrounded by parentheses in the table are the 
statistical results based upon cell performance with corrections for delaminated area 
losses. The statistics without parentheses do not include corrections for delamination 
losses. All results stated in table III include corrections for difference in number of 
cycles between facilities. 

Based upon e and values listed in table III, the analysis indicates that, in gen- 
eral, the observed performance results of this test are not accounted for only by the dif- 
ferences between test facilities, cell vintage, cell load and measurement procedure, and 

2 

cell electrical interconnection. Both e and R are measures of how closely the re- 
gression equation accounts for the experimental data. The relatively large values of e 
demonstrate the large scatter observed in the data even within a given factor group. 
Similarly, the small R values imply that factors other than the four tested have appar- 
ently caused most of the differences observed in performance. For example, only 15 to 
24 percent of the maximum power change is accountable by the four factors studied; the 
inference is that 76 to 85 percent of the change remains to be accounted for by still unde- 
termined variables. The performance parameter which was explained best by the regres- 
sion eqxiation was the open-circuit voltage; its e value was 0 . 7 percent and its R^ value 
was 42 percent. 

The t statistics in table III demonstrate a significant performance parameter -factor 
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relation between open-circuit voltage and test facility. The probability of observing a t 
statistic larger than that shown in table III, if there were in fact no difference in open- 
circuit voltage due to change in test facility, is 0. 3 percent. Therefore, the conclusion 
is that there is a real dependence of open-circuit voltage on test facility. Other perform- 
ance parameter -factor relations show smaller t values and therefore their associated 
probabilities in table III are greater than for the open-circuit voltage-test facility rela- 
tion. However, the considerable scatter existing in the data due to unknown variables 
may be introducing spurious effects on the tested relations; so, it must be concluded that 
the statistical results do not rule out all of the performance parameter -factor effects 
tested here. 


SUMMARY OF RESULTS 

The results of vacuum thermal cycling tests on 23 cadmium sulfide solar cells indi- 
cate the following after 1000 cycles: 

1. The average loss in maximum power for nine cells tested in chamber A(l) was 

2. 8 percent. The average short-circuit current loss was 2. 5 percent, and the average 
fill factor loss was 1. 8 percent. The average open-circuit voltage gain was 1.7 percent. 
Cell 5 delaminated with an estimated area loss of 1. 5 percent. 

2. The average loss in maximum power for 14 cells tested in chamber A(2) was 
4.9 percent. The average short-circuit current loss was 2. 8 percent, and the average 
fill factor loss was 2. 6 percent. The average open-circuit voltage gain was 0.6 percent. 
Cells 2, 7, and 11 delaminated with area losses of 5.2, 0.6, and 3.7 percent, respec- 
tively . 

3. A 1/2 replicate of a 2 experiment, analyzed by means of a multiple linear re- 
gression equation, demonstrated that the open-circuit voltage results between different 
facilities were significantly different. Based upon the t statistic calculated from the 
regression analysis, the probability that open-circuit voltage and test facility are inde- 
pendent was found to be 0. 3 percent. Other performance parameter -factor relations 
were less significant than the relation between open-circuit voltage and test facility. In 
general, however, the regression accounted for less than 42 percent of the observed 
data. Thus, the considerable scatter existing in the data due to unknown variables may 
have introduced spurious effects in the results. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, February 8, 1971, 

120-33. 
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TABLE I. - ABSOLUTE VALUES OF CELL PERFORMANCE CHARACTERISTICS BEFORE AND 
AFTER VACUUM THERMAL CYCLING (ROUNDED TO THREE PLACES) ' 


Cell 

Maximum power, 
P 

max’ 

mV 

Short-circuit current, 

^sc’ 

mA 

Open-circuit voltage, 
V 

oc’ 

mV 

Fill factor, 
FF 

Treatment 

Before 

After 

Before 

After 

Before 

After 

Before 

After 

Vacuum chamber A(l) ^ 1020 cycles 

1 

219 

214 

720 

703 

430 

436 

706 

698 

January, series, I-V curves 

2 

214 

212 

711 

693 

430 

437 

700 

701 


3 

222 

218 

732 

712 

436 

444 

697 

692 


4 

205 

204 

702 

689 

426 

438 

685 

678 

June, series, constant load 

5 

198 

199 

675 

660 

426 

434 

689 

695 


6 

201 

179 

678 

649 

440 

446 

673 

618 


7 

212 

202 

707 

676 

433 

437 

692 

685 

June, individual, I-V curves 

8 

204 

202 

704 

699 

425 

433 

681 

665 


9 

209 

200 

727 

707 

425 

432 

675 

655 

January, individual, constant load 

Vacuum chamber A(2) - 962 cycles 

1 

202 

189 

680 

656 

431 

437 

689 

659 

June, individual, constant load 

2 

199 

183 

700 

652 

418 

424 

680 

662 


3 

197 

191 

675 

656 

433 

433 

675 

673 


4 

203 

196 

708 

689 

429 

430 

668 

661 


5 

229 

213 

780 

758 

430 

430 

683 

655 

January, series, consta.nt load 

6 

222 

212 

800 

789 

409 

409 

678 

657 


7 

224 

213 

773 

751 

420 

420 

691 

686 


8 

217 

208 

714 

688 

447 

449 

682 

673 

January, individual , I-V curves 

9 

203 

197 

760 

767 

421 

430 

635 

595 


10 

223 

216 

735 

713 

437 

437 

693 

692 


11 

222 

211 

812 

771 

411 

415 

666 

660 


12 

211 

200 

742 

731 

417 

421 

683 

653 

June, series, I-V curves 

13 

219 

211 

771 

755 

437 

442 

649 

633 


14 

209 

201 

746 

741 

418 

418 

670 

647 
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TABLE II, - PERCENTAGE CHANGES IN CELL PERFORMANCE CHARACTERISTICS AFTER 


VACUUM THERMAL CYCLING 


Cell 

Change in maxi- 
mum power, 

^^max’ 

percent 

Change in short- 
circuit current, 

^^sc’ 

percent 



Change in open- 

circuit voltage, 

AV , 
oc’ 

percent 



Change in 
fill factor, 
AFF, 
percent 

Treatment 



Vacuum chamber A(l) 

- 1020 cycles 

1 

-2.3 

-2.3 

1.3 

-1.1 

January, series, I-V curves 

2 

-.9 

-2.5 

1.6 

.2 


3 

CO 

1 

-2.7 

1.8 

-.7 


4 

-.5 

-1.9 

2.7 

-1.1 

June, series, constant load 

5 

.5 (^2.0) 

-2.2 f-0.7) 

2.0 

.9 


6 

-10.9 

-4.3 

1.2 

-8.2 


7 

-4.6 

-4.3 

0.9 

-1.0 

June, individual, I-V curves 

8 

-1.2 

-.7 

1.9 

-2.3 


9 

-4.3 

-2.8 

1.6 

-3.0 

January, individual, constant load 

ATer~ 

-2.9 

-2.6 

1.7 

-1.8 


age 








Vacuum chamber A(2) 

- 962 cycles 

1 

-6.5 

CO 

1.3 

-4.3 

June, individual constant load 

2 

-8.2 f-3.0) 

-6.9 (^-1.7) 

1.3 

-2.6 


3 i 

-3.2 

-2.8 

0 

-.3 


4 

-3.5 

-2.7 

.2 

-1.0 


5 

-6.9 

-2.8 

0 

-4.1 

January, series, constant load 

6 

-4.4 

-1.4 

0 

-3.1 


7 

-4.9 (^-4.3) 

-2.8 (^-2.2) 

0 

-.7 


8 

-4.3 

-3.6 

0.6 

-1.3 

January, individual, I-V curves 

9 

-3.0 

.9 

2.2 

-6.3 


10 

-3.1 

-3.0 

0 

-.1 


11 

-4.9 (^-1.2) 

-5.0 (®--1.3) 

.9 

-.9 


12 

-5.0 

-1.5 

0.9 

-4,4 

June, series, I-V curves 

13 

-3.6 

-2.1 

1.0 

-2.5 


14 

-4.0 

-.6 

0 

-3.4 


Aver - 

-4.7 

-2.7 

0.6 

-2.5 


age 







^Estimated changes after adjustment for delaminated area loss. 
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TABLE III. - STATISTICS CALCULATED FROM REGRESSION ANALYSIS 



Maximum power, 
P 

max 

Short-circuit current, 
^sc 

Open-circuit voltage, 
^oc 

Fill factor, 
FF 


Probability 

t(df)^ 

Probability 

t(df)^ 

Probability 

t(df)^ 

Probability 

Test facility 

1. 599 (’^1.270) 

0.13 (*^0.22) 

0.044 (^’O.OOO) 

0.97 (*^0. 51) 

3. 540 

0.003 

0.873 

0.40 

Cell vintage 

0.235 ('^0.158) 

0.82 ('^0.88) 

0.244 (*^0. 179) 

0.81 (^0.86) 

0.634 

0.54 

0.576 

0.57 

Cell load and 
measurement 

1.246 (^0.934) 

0.23 ('^0.37) 

1.208 (*^0.951) 

0.25 (*^0. 36) 

0.440 

0.67 

0.284 

0.78 

Cell inter- 
connection 

0.182 ('^0.284) 

0.86 ('^0.78) 

1.730 (*^0.735) 

0.10 (*^0.47) 

0.667 

0.52 

0.432 

0.67 

Standard 
error of 
estimate, e 

0.025 ('^0.026) 

0.015 (’^0.013) 

0.007 

0.024 

Coefficient 
of determina- 
tion 

0.24 (’^0.15) 

0.21 (*^0.09) 

0.42 

0.07 


^df = 15 degrees of freedom. 

^Include corrections for delaminated area loss. 
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(b) Back view. 

Figure 2. - Cadmium sulfide solar cells mounted on vacuum thermal cycling 
mounting board of chamber A(2). 
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